Thermophilic cyanobacteria of the genus Synechococcus are major contributors to photosynthetic carbon fixation in the photic zone of microbial mats in Octopus Spring, Yellowstone National Park. Synechococcus OS-B was characterized with regard to the ability to acclimate to a range of different light irradiances; it grows well at 25 to 200 HL] ), we noted several responses that had previously been associated with HL acclimation of cyanobacteria, including cell bleaching, reduced levels of phycobilisomes and chlorophyll, and elevated levels of a specific carotenoid. Synechococcus OS-B synthesizes the carotenoids zeaxanthin and ␤,␤-carotene and a novel myxol-anhydrohexoside. Interestingly, 77-K fluorescence emission spectra suggest that Synechococcus OS-B accumulates very small amounts of photosystem II relative to that of photosystem I. This ratio further decreased at higher growth irradiances, which may reflect potential photodamage following exposure to HL. We also noted that HL caused reduced levels of transcripts encoding phycobilisome components, particularly that for CpcH, a 20.5-kDa rod linker polypeptide. There was enhanced transcript abundance of genes encoding terminal oxidases, superoxide dismutase, tocopherol cyclase, and phytoene desaturase. Genes encoding the photosystem II D1:1 and D1:2 isoforms (psbAI and psbAII/psbAIII, respectively) were also regulated according to the light regimen. The results are discussed in the context of how Synechococcus OS-B may cope with high light irradiances in the high-temperature environment of the microbial mat.
Laminated microbial mats are present in the channels emanating from Octopus Spring, an alkaline, siliceous hot spring in Yellowstone National Park (44) . Several studies have focused on the community structure (15, 32, 35) and the physiological/ecological features (34, 44) of the microbial biota of the mat and have helped to elucidate fundamental principles of community ecology and microbial diversity in this environment (2, 31, 43, 44) . Recent metagenomic analyses of these consortia are also beginning to reveal ways in which individuals of this community contribute to overall population metabolism (3a) . Microbial hot spring communities represent excellent model systems for exploring how environmental parameters, such as light levels, temperature, nutrient availability, and oxic/anoxic conditions, shape the structural and functional aspects of the community. The photic zone of the microbial mat present in Octopus Spring comprises the uppermost 1 to 2 mm. In this region, cyanobacteria, represented by the genus Synechococcus, evolve O 2 and fix inorganic carbon (2) . During the day, O 2 levels may reach Ͼ600% air saturation in the photic zone as a consequence of high rates of O 2 evolution and diffusion barriers associated with the polysaccharide matrix of the mat (34) . Conversely, as light levels decline in the evening, the O 2 concentration rapidly diminishes and the mat becomes anoxic (34) .
Recent observations based on denaturing gradient gel electrophoresis and 16S rRNA analyses indicated that the Synechococcus organisms of Octopus Spring are represented by different ecotypes present in different physical zones of the mat (14, 15) . These habitats are associated with different temperatures (horizontal distribution of organisms in the mat), light conditions (vertical distribution of organisms in the mat), and perhaps nutrient availability (13, 32) . In the temperature range of 53 to 63°C, Synechococcus OS-BЈ appears to be the most abundant ecotype (15, 43) and is present at all vertical depths within the cyanobacterial layer (ϳ1.5 mm) of the mat (32) , even the top 0.2 mm of the mat, where light irradiances can be Ͼ1,000 mol photons m Ϫ2 s Ϫ1 . At higher temperatures (58 to 75°C), other ecotypes, such as Synechococcus OS-A, are more abundant (15, 43) . Recent work has shown that the optimum temperature for photosynthesis in Synechococcus OS-A is slightly higher than that for Synechococcus OS-BЈ (1) . Several different Synechococcus ecotypes were recently isolated from mats by dilution enrichment methods and have been characterized with respect to growth and photosynthetic function (1) .
Ward and colleagues reported light-and temperature-dependent gross and net rates of oxygenic photosynthesis of various Synechococcus sp. isolates in cultures enriched for different cyanobacterial ecotypes from hot spring mats (1) . They found that Synechococcus OS-BЈ exhibited a growth optimum of between 50 and 55°C, while Synechococcus OS-A showed optimal growth at 55 to 60°C, which is consistent with the temperatures of the mats from which these organisms were originally isolated, suggesting a possible temperature adaptation of these ecotypes (1).
We recently obtained full genome sequences for Synechococcus OS-A and Synechococcus OS-BЈ, and from the genes associated with each genome we have inferred various physiological functions, including the potential for both of these organisms to fix nitrogen (3a, 40) . To learn more about the metabolic potential of the Synechococcus ecotypes, we generated an axenic culture of Synechococcus OS-BЈ and have begun to explore how this organism responds to changes in the light environment with respect to growth, pigment composition, the composition of the photosynthetic apparatus, and the expression of genes encoding polypeptides associated with the photosynthetic apparatus and light acclimation.
MATERIALS AND METHODS
Cultivation conditions. Synechococcus OS-BЈ enriched cultures were obtained by a filter cultivation approach (1) and were grown in DH10 medium (medium D [8] supplemented with 10 mM HEPES, pH 8.2) . Enriched cultures (designated CIW-5) were maintained at 52.5°C, exposed to fluorescent light at 75 mol photons m Ϫ2 s Ϫ1 (plant and aquarium light; Philips Lighting Company, Somerset, NJ), and bubbled with air enriched with 3% CO 2 . Growth at different light irradiances was achieved by positioning the culture flasks at different distances from the light source.
To generate axenic cultures of Synechococcus OS-BЈ (designated CIW-10), we repeatedly streaked the enriched cultures (CIW-5 with Synechococcus OS-BЈ as the single cyanobacterium contaminated by heterotrophic microbes) on DH10 medium solidified with 0.4% ultrapure agarose (Invitrogen, Carlsbad, CA). Synechococcus OS-BЈ cells are phototactic, and we were able to exploit their movement toward a directional light source to separate them from heterotrophs; this procedure was repeated several times to ensure that the strain was axenic. The growth of the axenic cyanobacterial isolates was slow (e.g., Ͼ1-week doubling time) but increased considerably if the DH10 medium was supplemented with 0.05% (wt/vol) Bacto tryptone (BT; BD Diagnostic Systems, Sparks, MD). After 2 weeks of growth, the cultures became chlorotic, but the bleaching was reversed by the addition of fresh BT, suggesting that the medium was being depleted of an essential nutrient that could be supplied by BT. Axenic cultures were examined periodically by light microscopy and plated on DH10-BT agarose solid medium to ensure that the cultures were not contaminated with heterotrophic bacteria.
Growth measurements of Synechococcus OS-B. Axenic cultures were grown in DH10-BT medium in continuous light of different irradiances (25, 50, 75, 130, 200 , and 400 mol photons m Ϫ2 s Ϫ1 ) and bubbled with 3% CO 2 in air. Aliquots of the culture were collected every day at the same time (2:00 p.m.), and cell densities were estimated by using an Ultraplane Neubauer counting chamber (Hausser Scientific, Horsham, PA) and by monitoring the A 750 of the culture. Analysis of these parameters revealed a relatively constant relationship between cell number and the optical density at 750 nm (OD 750 ) (ϳ1.2 ϫ 10 7 cells/OD 750 unit); therefore, cell densities were estimated by measurement of A 750 . Chlorophyll (Chl) content was quantified by measuring the absorption of acetoneextracted pigments (90% acetone, 10% water [vol/vol]) at 620, 680, and 750 nm; the calculation used for quantification was as follows: mg Chl a ϭ 0.01497(OD 680 Ϫ OD 750 ) Ϫ 0.000615(OD 620 Ϫ OD 750 ) (11) . The relative phycobilisome (PBS) content was estimated by analysis of whole-cell absorbance spectra normalized to the OD 750 , essentially as described by Collier and Grossman (12) . The peak absorbance at 620 nm (peak absorbance of phycocyanin) was compared to a line drawn between the spectral valleys at 550 and 650 nm. The maximum PBS content was found in cells grown at the lowest light irradiance ( ) to mid-logarithmic phase (OD 750 , ϳ0.5). One hundred fifty milliliters of culture was decanted into a precooled Erlenmeyer flask and rapidly cooled to ϳ4°C (the flask was immersed in liquid N 2 ), and the cells were collected by centrifugation (3,000 ϫ g, 4°C, 10 min), frozen in liquid nitrogen, and stored at Ϫ80°C until use. For light shift experiments, mid-logarithmic-phase cultures of Synechococcus OS-BЈ were shifted to different light levels (as indicated in the figures). Aliquots of the cultures were collected for RNA isolation immediately before the light shift and 5, 10, 15, and 60 min after the light shift. Dark-adapted cells were maintained in the dark (but bubbled with CO 2 -enriched air) for 16 h after growth to mid-logarithmic phase at an irradiance of 75 mol photons m Ϫ2 s Ϫ1 . For carotenoid analysis, cells were treated as described above, except that cultures analyzed over a time course of more than 1 day were diluted once per day to maintain logarithmic cell growth and to avoid dramatic changes in light exposure caused by self-shading among individuals within cultures.
Isolation of RNA, reverse transcription, and q-PCR. Whole-cell RNAs were purified as previously described (40) . Prior to use for quantitative reverse transcriptase PCR (q-PCR), the RNAs were subjected to DNase digestion (Turbo DNase; Ambion, Austin, TX), purified by phenol-chloroform extraction followed by ethanol precipitation, and then tested for residual DNA contamination by PCR. For q-PCR, Superscript III RT (Invitrogen, Carlsbad, CA) was used to reverse transcribe 4 g of DNA-free RNA, using 200 ng random primer hexamers (MBI, Burlington, Canada) in a reaction volume of 20 l. The reaction was performed as recommended by the manufacturer (Invitrogen, Carlsbad, CA) in a PTC thermocycler (MJ Research Inc., St. Paul, MN) according to the following temperature regimen (after denaturation of the RNA and addition of the reaction mixture): 5 min at room temperature, 5 min at 37°C, 10 min at 45°C, 40 min at 50°C, 20 min at 55°C, and 15 min at 75°C for inactivation of the RT. The single-stranded cDNA product of this reaction was diluted 1:10 in nucleasefree water (final volume, 200 l), and 2.5 l of the diluted sample was used in a 20-l qPCR mix, as previously described (40) . The specificity of the qPCR was evaluated by using the melting curve for the product (e.g., single or multiple products with different melting temperatures [T m ]). The relative levels of RNA were quantified by comparing the cycle threshold (C T ) values determined for the reactions with the C T value differences obtained for a 10-fold dilution series of a specific target DNA template (40) . The genes encoding the transcripts analyzed by qPCR and the primers used for the analyses are given in Table 1 .
Carotenoid analysis. Mid-logarithmic-phase cells grown at different light irradiances were collected by centrifugation (10 min, 3,000 ϫ g, 4°C) and stored at Ϫ80°C under nitrogen gas until subjected to further analysis. Pigments were extracted by vigorously vortexing the cells in 100% methanol, followed by a 10-min incubation in the dark. The supernatant was recovered by a 10-min centrifugation step (Eppendorf microcentrifuge; maximal speed), transferred into 2-ml amber high-pressure liquid chromatography (HPLC) vials (National Scientific, Rockwood, TN), bubbled with molecular nitrogen, sealed, and immediately used for HPLC analysis. All extracted pigments were maintained at 4°C in the dark.
HPLC analysis. Pigments were analyzed on an Agilent 1100 series HPLC system equipped with a Nucleosil 300-5 C 18 column (Macherey-Nagel, Easton, PA). Methanol (100%)-extracted pigments were adsorbed to the column in acetonitrile-water-triethylamine (9:1:0.01 [vol/vol/vol]) at a flow rate of 0.5 ml/ min and then eluted with a gradient of 0 to 100% ethyl acetate over a period of 30 min. To refresh the column, the gradient was reversed for 2 min and then reequilibrated with acetonitrile-water-triethylamine for at least 3 min. Eluted pigments were detected by a diode array detector measuring the A 440 ; absorbance spectra of the eluate were collected from 400 to 800 nm (every 0.4 s) in 1-nm steps. The relative quantity of each pigment resolved by HPLC (see Fig. 3A and B) was determined by integration of the area under the 440-nm peak and by applying absorption coefficients as described previously (25) ; the absorption coefficient of the pigment designated P1 was estimated to be 986.6 g/cm by (i) assuming a similar molar absorption to that of ␤,␤-carotene at its peak absorption, (ii) recalculating the relative absorbance at 440 nm, and (iii) applying the molar weight of P1 identified in this study. Eluted pigments were collected, vacuum dried, and stored at Ϫ80°C under a nitrogen atmosphere until they were used for further analysis.
MALDI-TOF MS analysis. Matrix-assisted laser desorption ionization-timeof-flight mass spectroscopy (MALDI-TOF MS) was performed using a Voyager DE Pro biospectrometry workstation (Applied Biosystems, Inc.). HPLC-purified pigments were resuspended in 75% acetone and serially diluted (1:1) in 75% acetone. Eight microliters of each of the samples was mixed with 2 l matrix solution (10 mg/ml 2,5-dihydroxybenzoic acid [Fluka, Buchs SG, Switzerland] in 75% acetone). The sample-matrix mixture (1.5 l) was spotted onto the target SS plate (Applied Biosystems, Foster City, CA), vacuum dried, and subjected to MALDI-TOF MS. Known control pigments (zeaxanthin and Chl a) were similarly collected and treated. The Voyager DE Pro workstation was operated in the positive reflection mode at 11,500 V with no molecular size gate but with a cutoff at Յ400 Da and a delay time of 93 ns. Grid and guide wire voltages were 76% and 0.005%, respectively. The laser intensity was varied until major peaks were observed, and 200 spectra were collected and averaged per sample. Control spots containing known pigments or only the matrix were treated identically.
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LIGHT ACCLIMATION IN THERMOPHILIC CYANOBACTERIA77-kelvin fluorescence emission spectra. Fluorescence emission spectra were obtained in a single-beam fluorometer (Photon Technology International, New Brunswick, NJ). Cells in the logarithmic growth phase were collected by centrifugation (2,500 ϫ g, 5 min) at room temperature, concentrated ϳ30-fold, and placed back into their respective growth light irradiances for at least 10 min. The cell suspensions were then incubated for 10 min in the dark or for 10 min in the dark followed by a 10-min exposure to light at 25 mol photons m Ϫ2 s Ϫ1 , 75 mol photons m Ϫ2 s Ϫ1 , or 200 mol photons m Ϫ2 s Ϫ1 , transferred to a measuring cuvette, and immediately frozen in liquid nitrogen. Fluorescence emission spectra from 670 to 750 nm were determined at an excitation wavelength of 435 or 620 nm.
RESULTS

Effect of light irradiance on growth rate and pigmentation.
Growth rates and pigmentation of Synechococcus OS-BЈ were monitored in continuous light of different irradiances (25, 1B, inset ). Cells exposed to the highest irradiances (400 mol photons m Ϫ2 s Ϫ1 ) grew slowly within the first 3 days and then stopped growing; after ϳ5 days, the cells appeared to be dead, based on microscopic examinations and a decrease in the OD 750 .
Relative PBS, Chl, and carotenoid contents were estimated from absorption spectra of whole cells and acetone extracts of cell cultures. Cells growing at the different light irradiances exhibited dramatic differences in their pigment contents and compositions. Cultures grown at relatively low light irradiances (25 and 50 mol photons m Ϫ2 s Ϫ1 ) were blue-green, while cultures grown at relatively high light irradiances (75, 130, and 200 mol photons m Ϫ2 s Ϫ1 ) became chlorotic. This difference in pigmentation was reflected by the whole-cell absorption spectra (Fig. 1A) as well as the spectra of acetone-extracted pigments (Fig. 1B) . Cells grown in HL had small amounts of Chl a and PBS compared to LL-grown cells ( Fig. 1A and C) . The decline in PBS levels was more pronounced than that of Chl a levels as the light irradiance for growth was increased (Fig. 1C) . Chl a levels were 111 and 45 fg/cell for cultures grown in LL and HL, respectively (Fig. 1C) , while the PBS content was ϳ5-fold higher for cells grown in LL than for those grown in ML; only very low levels of PBS remained in HLgrown cells ( Fig. 1A and C). Cultures shifted from LL to HL exhibited a progressive decline in Chl a and PBS contents; Chl a levels became nearly identical to those of cultures grown in constant HL after 3 days, at which point the PBS levels were almost completely absent (data not shown). Spectroscopic examination of acetone-extracted pigments showed an accumulation of carotenoids relative to Chl a, with the highest relative carotenoid levels in cells grown in HL, as presented in Fig. 1B , which was reflected by a relative change in the ratio of the carotenoid peak at ϳ490 nm to the Chl a peak at 430 nm. Furthermore, the spectrum of acetone-extracted pigments demonstrated the emergence of an absorbance shoulder at 507 nm (arrow in Fig. 1B) , possibly reflecting the synthesis of an additional carotenoid that is present only in cells grown at higher light irradiances (see below).
HPLC analysis of pigments. Synechococcus OS-BЈ was grown in LL, ML, and HL, and the pigments were extracted in methanol and analyzed by HPLC. Retention times and spectra of individually eluted pigments were compared to those of previously identified pigments of Synechocystis sp. strain PCC6803 grown at 200 mol photons m Ϫ2 s Ϫ1 ( Fig. 2A and B) . Synechocystis sp. strain PCC6803 and Synechococcus OS-BЈ both contain Chl a, zeaxanthin (peak z), and ␤,␤-carotene (peak c). However, Synechocystis sp. strain PCC6803 also contains the pigments myxoxanthophyll (peak m) and echinenone (peak e), which are absent from Synechococcus OS-BЈ. Synechococcus OS-BЈ accumulates a pigment of unknown structure with an absorption spectrum that is virtually identical to the spectrum of myxoxanthophyll from Synechocystis sp. strain PCC6803, suggesting that the carotenoid moiety might be identical or highly related (Fig. 2C) . We subjected the P1 pigment of Synechococcus OS-BЈ to MALDI-TOF MS analysis and identified three major signals, at 728.9, 751.9, and 767.9 m/e, corresponding to the pigments P1 ϩ , P1-Na ϩ , and P1-K ϩ , as shown in Fig. 3 . Na and K adducts are frequently observed by MALDI-TOF MS with the matrix system employed in this study. In addition, we identified minor peaks at m/e 583. 4 The absorption spectra of the other pigments from Synechococcus OS-BЈ are shown in Fig. 2D ; note that ␤,␤-carotene and zeaxanthin also have nearly identical absorption spectra in the organic solvent used for extraction. We also investigated the relative carotenoid content compared to the Chl a content of Synechococcus OS-BЈ cultures grown in LL, ML, and HL. Interestingly, while there were only minor differences in the levels of ␤,␤-carotene in cells grown under the three different light conditions, zeaxanthin levels were highest in cells grown in HL (with about 50% of the HL level in LL-grown cells), while the myxol-anhydrohexoside P1 was greatly elevated in cultures exposed to HL (Fig. 4A) . In order to monitor the kinetics of change in carotenoid pools following a shift in light conditions, we transferred LL-grown Synechococcus OS-BЈ cultures to HL and analyzed the relative pigment content over a period of 4 days. The P1 content per g Chl a exhibited a rapid increase (observed within 2 h) that reached ϳ14 times the initial level by 9 h following the transfer, as shown in Fig. 4B ; the relative level of the myxol carotenoid became similar to that of ␤,␤-carotene. The ␤,␤-carotene and zeaxanthin contents per g Chl a also increased to levels similar to those for cells grown in HL within the first 24 h (Fig. 4B) . However, the absolute levels of ␤,␤-carotene and zeaxanthin per cell stayed almost unchanged within the first 24 h and reached the levels for cells grown in HL within 3 days (data not shown). These results demonstrate that only the myxol-anhydrohexoside content of the cells changed rapidly in response to high irradiances, suggesting an important role in the light acclimation response.
Ratio of PS I to PS II. We measured 77-K fluorescence emission spectra of Synechococcus OS-BЈ cultures grown in LL, ML, or HL, using an excitation wavelength of 435 nm, as shown in Fig. 5A . This excitation wavelength is specific for Chl a and is not absorbed by PBS. The relative Chl fluorescence emissions at ϳ693 nm and ϳ727 nm provide rough estimates of the relative amounts of photosystem II (PS II) and PS I in cells grown at different light irradiances. The relative amount of PS II in Synechococcus OS-BЈ appeared to be low for cultures grown in LL and was further reduced in cells grown in ML, while HL-grown cells exhibited extremely low PS II-specific emission, as shown in Fig. 5A . We also purified the photosystems by sucrose gradient ultracentrifugation and found that PS I-associated Chl a was present in large excess relative to PS II-associated Chl a (Ͼ Ͼ20-fold) (data not shown). These results suggest that Synechococcus OS-BЈ has unusually low levels of PS II relative to PS I and that the PS II/PS I ratio further declines as the light irradiance is increased. State transitions. We analyzed cultures grown at different light irradiances for the ability to perform state transitions. Concentrated cell suspensions were incubated in the dark for 10 min and then subjected either directly or after treatment with light of different irradiances to 77-K fluorescence emission analysis utilizing an excitation wavelength of 620 nm (Fig.  5B , top two panels), which primarily excites PBS but also excites Chl a to some extent. Cells grown in ML or HL and then incubated in the dark for 10 min prior to analysis of the emission characteristics showed similar levels of fluorescence emission from PS II and PS I. However, the cells showed increased PS II emission relative to PS I emission following exposure to LL, ML, or HL after the dark treatment, indicating that cells maintained in the dark were in state II and that light caused a transition to state I (i.e., more PBS was associated with PS II). In contrast, we could not observe a clear state transition in cultures that were grown in LL, as shown in Fig.  5B (bottom panel) .
Differential expression of psbAI, psbAII, and psbAIII transcripts. Cyanobacterial genomes usually encode multiple isoforms of the PS II D1 proteins, and the genes encoding these isoforms are differentially regulated with respect to light conditions (9, 10, 37). We investigated the steady-state levels of transcripts from the three psbA genes of Synechococcus OS-BЈ, psbAI, psbAII, and psbAIII, in cultures maintained in the dark (bubbled with air) for 16 h or grown in LL, ML, or HL. The psbAII and psbAIII genes (encoding identical D1:2 polypeptides) are 99.8% identical to each other at the nucleotide level and only 69% identical to psbAI (encoding the D1:1 polypeptide). As shown in Fig. 6A , the level of psbAI mRNA in cells grown in ML was ϳ9-fold higher than that in dark-adapted cells, while the levels of mRNA in cells grown in LL and HL were only ϳ3-fold higher. In contrast, Fig. 6B shows that the levels of the psbAII and psbAIII transcripts were elevated ϳ1,000-fold in cells grown in LL and ML and ϳ2,000-fold in cells grown in HL relative to those in cells maintained in the dark.
We also monitored time-dependent changes in psbA mRNA levels in cultures shifted from LL to HL and from HL to either LL or the dark, as presented in Fig. 6C . The psbAI transcript level increased ϳ6-and ϳ16-fold in cells transferred from HL to LL and from HL to the dark, respectively, for 1 h (Fig. 6C , middle and bottom panels). During the same shifts, the psbAII/ III transcript levels dropped to 1/5 (HL to LL) or Ͻ1/20 (HL to dark) of the initial value. Cultures shifted from LL to HL showed a dramatic decrease in the psbAI transcript level, whereas the psbAII/III transcripts increased ϳ7-fold (Fig. 6C,  top panel) . These results demonstrate a strong modulation of the psbA transcript levels by light irradiance and show that the effect of light on psbAI transcript accumulation (most probably representing gene activity) is opposite to that on psbAII/ psbAIII. , and L R 9.3 , encoded by cpcH, cpcG, cpcC, and cpcD, respectively, in Synechococcus OS-BЈ) have been associated with the assembly of the rod substructure (16, 17) . In Synechococcus OS-BЈ, cpcG and cpcD appear to be in the same operon as cpcB1A1, while cpcC appears to be in the same operon as cpcB2A2. Interestingly, the cpcH gene product is truncated at both its N terminus and C terminus relative to the CpcH linker polypeptides in other cyanobacteria. The cpcE and cpcF gene products are required for the attachment of the bilin chromophores to the apophycobiliprotein subunits (18) .
The PBS core harbors AP subunits, encoded by apcA and apcB, as well as proteins with AP characteristics, such as ␣ APB and ␤ 19.5 , encoded by apcF and apcD, respectively. These proteins may serve as terminal energy acceptors in the complex (18, 45) . The core linker peptides, L C 9.7 and L CM 101 , are encoded by apcC and apcE, respectively (42) . Among the genes encoding core substructures, only apcA, apcB, and apcC (encoding ␣ AP , ␤ AP , and L C 9.7 , respectively) are arranged in a putative operon, while genes encoding the other PBS core components (apcE, apcD, and apcF) appear to be transcribed as monocistronic mRNAs.
As shown in Fig. 7B , we analyzed the steady-state transcript levels for genes encoding several of the PBS polypeptides. The transcripts from all of these genes showed significant reductions when the cells were grown in ML or HL relative to those in cells grown in LL. Strikingly, transcripts encoding AP core components (apcA, apcC, apcD, apcE, and apcF) were less reduced in ML and HL than were transcripts encoding components of the rod substructure (cpcA1, cpcB2, cpcC, cpcD, cpcG, and cpcH). The level of the cpcH transcript was particularly sensitive to HL, dropping to almost undetectable levels in cultures grown in HL.
Transcripts related to carotenoid and tocopherol synthesis, respiration, and oxidative stress. We analyzed cultures grown in LL, ML, and HL for the abundance of transcripts involved in carotenoid and tocopherol synthesis. The steady-state levels of mRNAs for phytoene dehydrogenase (CrtP), a putative ␤-carotene ketolase (CrtO), and tocopherol cyclase (CYB_0605) were quantified in cultures grown in LL, ML, and HL (Fig.  8A) . The levels of the crtP transcript were similar in cells grown in LL and ML but increased ϳ2.7-fold in cultures grown in HL. The levels of crtO mRNA were nearly identical in cells grown at all three light irradiances, while the transcript encoding tocopherol cyclase was ϳ1.7-fold and ϳ2.5-fold more abundant in cultures grown in ML and HL, respectively, than in cultures grown in LL.
We also quantified transcripts from the coxA (for subunit I of the cytochrome c oxidase), cydA (for subunit I of the cytochrome b,d-quinol oxidase), and sodB (for a superoxide dismutase) genes, encoding proteins involved in respiration and oxidative stress. CoxA is part of the terminal respiratory oxi- dase, while CydA is a subunit of an alternative oxidase that transfers electrons from the plastoquinol (PQ) pool to oxygen (19) . SodB catalyzes the reduction of superoxide anions to hydrogen peroxide, which may be either thermally degraded or metabolized to water plus oxygen by catalase, preventing the accumulation of reactive oxygen species (ROS). The levels of coxA and sodB transcripts were ϳ5-fold and 25-to 35-fold higher, respectively, in cultures grown in ML and HL than in cultures grown in LL (Fig. 8B) . The levels of the cydA transcript were similar in cells grown in LL and ML but increased eightfold when the cells were maintained in HL (Fig. 8B ).
DISCUSSION
To define how thermophilic cyanobacteria in microbial mats respond to fluctuating environmental parameters, we used an isolate of Synechococcus OS-BЈ, one of the dominant ecotypes in the 53°C-to-63°C region of Octopus Spring microbial mats. The ability to monitor the growth of this isolate under environmentally relevant temperature conditions, coupled with the availability of the complete genome sequence, provided some of the necessary tools for this investigation, although there are many caveats associated with studies of microbes in axenic cultures. Since much is known about how cyanobacterial cells respond to HL conditions at the biochemical and gene regulation levels, we were able to monitor several key indicators of the physiological state of the cells (7, 21) . To our surprise, Synechococcus OS-BЈ did not appear to be able to cope with continuous HL irradiances (400 mol photons m Ϫ2 s Ϫ1 or higher, although the surfaces of microbial mats are subject to very high irradiance during the day, with large and rapid fluctuations in light intensity associated with cloud cover. We also observed notable differences in photosynthetic function and capacity between Synechococcus OS-BЈ cells and well-studied Ϫ2 s Ϫ1 stopped growing after 3 days and then died, suggesting that Synechococcus OS-BЈ is unable to tolerate long periods of HL under laboratory conditions. In contrast, mesophilic cyanobacteria, such as Synechocystis sp. strain PCC6803 and Synechococcus sp. strain PCC6301, grow well at light fluence rates of ϳ500 mol photons m Ϫ2 s Ϫ1 (20) . In situ, cells at the surfaces of microbial mats are potentially exposed to light irradiances that are considerably higher than 400 mol photons m Ϫ2 s Ϫ1 , and thus it may have been expected that Synechococcus OS-BЈ cells would survive relatively high light irradiances. It has been speculated that cyanobacterial cells may be able to actively position themselves within the vertical light gradient of the mat to optimize light conditions for photosynthesis (33) . It has been demonstrated that in the mat there are distinct cyanobacterial populations that exhibit positive and negative phototaxis (movement toward and away from the light, respectively), suggesting that different cell populations may actively position themselves in different light environments of the mat (33) . Furthermore, it has been shown that light is rapidly attenuated as it passes through the top microbial layers of the mat, particularly in the blue and red regions of the spectrum; cells just below the surface may be shielded from high-irradiance surface light (13, 43) . The presence of other members of the microbial community, particularly the abundant filamentous bacterium Roseiflexus sp., and the dense polysaccharide matrix of the interstices of the mat are likely to profoundly affect the in situ light environment. In contrast, the cultures grown in the laboratory were dispersed, aerated, and analyzed in mid-log phase (OD 750 , Ͻ0.5), so there was reduced self-shading. Finally, Synechococcus cells growing as axenic cultures under controlled laboratory conditions (continuous fluorescent light, bubbled with CO 2 -enriched air) in the absence of other members of the microbial community may exhibit different growth responses than cells living in the stratified layers of the mat, where metabolite exchange may play an important role in photosynthetic function.
Photosynthetic organisms can acclimate to the potentially damaging consequences of the absorption of excess light energy in a number of ways, which include a marked decline in light-harvesting pigments, changes in the level and composition of photosynthetic reaction centers, the development of sinks to efficiently remove electrons from the electron transport chain, the establishment of mechanisms to eliminate ROS that might accumulate, and the ability to repair damaged cellular components. We observed many of these acclimation responses in the laboratory-based experiments conducted in this study.
We observed a striking difference in pigmentation among cells grown at different light irradiances. At light irradiances above 50 mol photons m Ϫ2 s Ϫ1 , the cells had reduced PBS and Chl a contents, while the cell size remained approximately constant, at ϳ10 m by 2 m. Bleaching was more pronounced at 200 mol photons m Ϫ2 s Ϫ1 , and cells at 400 mol photons m Ϫ2 s Ϫ1 were bleached severely and then died. The loss of PBS reflects the reduced requirement for light-harvesting capacity as environmental light levels increase. Quantification of the abundance of transcripts encoding the polypeptides that make up the PBS was consistent with this observation. Transcripts encoding the individual PC and AP subunits, which are components of PBS rods and cores, respectively, were more abundant in cells grown in LL than in cells grown in ML and HL, but the levels of transcripts encoding Cpc polypeptides declined significantly more than did those encoding Apc polypeptides. These results suggest that at higher light irradiances, there is a reduction in the absorbance cross section of the light-harvesting antenna, reflected by a pronounced decrease in the amount of PC hexamers, while the core polypeptides may be much less reduced; the number of PBS units may not change as dramatically as the absorption cross section of the complex. Furthermore, cpcH mRNA, which encodes an L R 20.5 linker polypeptide, was barely detected in cultures grown at a high irradiance. These results suggest that L R 20.5 is the most distal rod linker polypeptide and the first to be lost as the rod length decreases at increasing light irradiances.
Analyses of 77-K fluorescence emission spectra following excitation of the cells at 435 nm suggested a pronounced excess of PS I relative to PS II in cells grown under LL, ML, or HL; the ratio of PS II to PS I appeared highest in LL-grown cells. These results contrast with results from studies with Synechocystis sp. strain PCC6714 and Synechococcus sp. strain PCC7942, in which there was an increase in the PS II/PS I ratio with increasing growth light irradiances (28, 36) . The number of Chl a molecules bound to individual PS I and PS II reaction centers in Synechococcus sp. strain PCC7942 (former name, Anacystis nidulans) was reported to be 118 and 52, respectively, regardless of growth light and CO 2 conditions (24, 29) . A decrease in the PS II/PS I ratio in conjunction with a decline in Chl a levels in HL-grown Synechococcus OS-BЈ indicates that cells acclimated to HL conditions are likely to have reduced levels of both PS I and PS II. An increased loss of PS II in HL-grown cells may be beneficial because of the potential for PS II photochemistry to generate increased oxidative damage, especially at elevated temperatures. Finally, the fluorescence emission data following excitation of cells with 620-nm light after growth at various light irradiances suggest that the cells (at least those grown in ML and HL) are capable of performing state transitions; we were not able to determine whether or not state transitions were occurring in LL-grown cells.
Carotenoids are an important group of lipid-soluble antioxidants in photosynthetic membranes (30) . Synechococcus OS-BЈ synthesizes zeaxanthin, ␤,␤-carotene, and a myxolglycoside in which the dimethyl fucoside moiety of myxoxanthophyll (41) is likely replaced by an anhydrohexose. Myxoxanthophyll is critical for stabilization of thylakoid membranes and the formation of the S layer in Synechocystis sp. strain PCC6803 (27) . It also increases 1.5-and 2.5-fold after 20 and 45 h, respectively, of exposure of Synechocystis sp. strain PCC6803 to HL (23 myxolglycoside/Chl a ratio within 9 h, but the response is apparent within the first 2 h of HL, suggesting an important photoprotective function. Furthermore, myxolglycoside accumulation is likely to be a consequence of de novo synthesis, since the levels of ␤,␤-carotene and zeaxanthin remained nearly constant or increased only slightly during the 9-h HL treatment. An increase in carotenoid synthesis during this period is also reflected by an increase in the level of the crtP mRNA (encoding phytoene desaturase). The development of photoinhibition due to hyperexcitation of the photosynthetic apparatus at high irradiances has been associated with a rapid turnover of the PS II reaction center polypeptide D1 (10) . Some cyanobacteria, including Synechococcus sp. strain PCC7942, acclimate to UV radiation by replacing the D1:1 protein isoform with the D1:2 isoform (5, 6, 39), while others, such as Synechocystis sp. strain PCC6803, express only the D1:2 isoform under laboratory conditions (26, 38) . In Synechococcus OS-BЈ, the levels of the transcripts for the three psbA genes (psbAI, psbAII, and psbAIII) were regulated in a light-dependent manner, similar to what has been reported for Synechococcus sp. strain PCC7942 (5). In Synechococcus OS-BЈ, steadystate psbAI transcript levels were highest in ML (threefold more abundant than those in LL and HL). One explanation for this finding might be the existence of several acclimation processes. More PS II is present in LL-acclimated cells, and with increasing growth light irradiances, elevated turnover of the D1 protein likely occurs, which causes an increase in expression of the psbA1 gene. However, as the light irradiances are increased further, there is more demand for the phototolerant D1:2 isoform. Thus, psbAI transcript levels decline while psbAII/III transcript levels increase. The levels of transcripts from psbAI and psbAII/III appear to be controlled in a reciprocal manner with respect to light irradiance. Interestingly, light shift experiments revealed that psbAI and psbAII/III transcript levels measured 1 h following a shift of the cultures to HL were different from those observed in cultures maintained in HL or LL, suggesting that acclimation was not complete within this time period. Previous work with Synechococcus sp. strain PCC7942 demonstrated rapid transient changes in psbA transcript levels, which slowly stabilized (22) . The shift from LL to HL conditions may cause a relatively quick turnover of D1:1, and the consequences of this turnover (e.g., loss of PS II activity) may trigger transcription of the psbAII/III genes. However, the levels of the psbAI and psbAII/II transcripts may begin to stabilize only as the D1:2 protein integrates into the PS II reaction center; other, longer-term processes, including the adjustment of the ratio of the photosystems (see above) and the expression of proteins that can ameliorate the effects of oxidative stress, are also likely to influence the final levels of the psbA transcripts.
The dense polysaccharide matrix of the mat is a diffusion barrier allowing the O 2 concentration in the mat to rise well above air saturation during the day (30) . An elevated level of O 2 in the mat would likely increase photorespiration and cause a dramatic change in the cellular redox state, which in turn might stimulate the generation of ROS, resulting in photoinhibition and damage to many cellular components (2, 26) . ROS accumulation and its damaging consequences may be exacerbated by the high temperatures of the hot spring environment (4) . Cyanobacteria have evolved many strategies to cope with the potential damaging effects of excess excitation energy. Tocopherol and carotenoids (see below) are antioxidants that help to ameliorate the consequences of ROS accumulation during periods of excess excitation (23) . The level of transcript from the CYB_0605 gene, encoding tocopherol cyclase in Synechococcus OS-BЈ, rises with increasing growth light irradiances. Although we did not directly measure tocopherol concentrations in the cell, these results suggest that tocopherol may accumulate in Synechococcus OS-BЈ in response to elevated irradiance. Furthermore, harmful superoxide radicals can be deactivated by superoxide dismutase (32) , and indeed, we observed an increased accumulation of sodB mRNA in Synechococcus OS-BЈ cells grown in ML and HL. Photodamage might also be reduced by decreasing the redox poise of the cellular quinone pool. This can be achieved by promoting cyclic over linear photosynthetic electron transport and/or by using electrons generated by the splitting of water to reduce alternative electron acceptors (acceptors other than NADP), such as O 2 (to regenerate water in a water-to-water cycle). As discussed above, HL-grown cells accumulate much more PS I (involved in cyclic electron flow) than PS II. Furthermore, transcripts for at least two oxidases, namely, the cytochrome b,d-quinol oxidase encoded by cydA, which transfers electrons from the PQ pool to O 2 (3, 19) , and the respiratory cytochrome c oxidase encoded by coxA, increase following exposure of the cyanobacterial cells to HL. These results suggest that Synechococcus OS-BЈ can adjust to HL conditions by both elevating cyclic relative to linear photosynthetic electron transport and diverting electrons from the reduced PQ pool to alternate electron sinks, such as O 2 . This would be especially important for mat cyanobacteria, since high O 2 and/or low CO 2 concentrations in the polysaccharide matrix of the mat may limit photosynthetic CO 2 fixation. Promoting the flow of electrons from the PQ pool to O 2 would help to reduce electron pressure in HL, which in turn would generate a greater proportion of open PS II traps, thereby reducing photoinhibition.
Concluding remarks. Little is known about how thermophilic cyanobacteria in microbial mats respond to changes in light irradiance, O 2 levels, nutrient conditions, and gradients of metabolites synthesized by other bacteria of the mat consortium. Full genome sequences and detailed analyses of the physiological capacity of individual members of the mat community, along with studies to elucidate ways in which the different organisms respond to changing environmental conditions, will greatly contribute to our understanding of the structure and dynamics of microbial consortia and the underlying regulatory processes.
